The influence of Far infra-red (FIR) radiation on the runnel arrent of GaAdGaAIAs double-barrier resonant tunnelling smfiures is investigated both experimentally and theoretically. For a tunnelling process characterized by a transmission eoefficient with a full width at half maximum r,, which is smaller than the photon energy hw, a theoretical FIR response which depends on the radiation energy is obtained while, for a tunnelling process with r, larger lhan fro, this energy dependence is not observed. Although a clear dependence on the radiation energy could not be observed experimentally we show tha a classical rectification cannot explain the obtained FIR response.
Introduction
Resonant tunnelling of electrons through semiconductor double-barrier heterostructures has attracted a great deal of attention both experimentally and theoretically because of its fundamental and technological importance. Following the pioneering work of Esaki and Tsu [ 11, many detailed studies aimed at understanding the basic physical processes of resonant tunnelling have been reported [Z-51. In particular, the shape of the bias dependence of the tunnelling current under both DC and AC voltages has been largely investigated [6] [7] [8] [9] [10] [11] [12] [13] [14] . Despite these studies, several fundamental aspects remain not understood. For example, the frequency limit of the AC response 115-191 and the tunnelling time have not yet been determined satisfactorily. Even more elementary, we cannot unambiguously determine, from a simple analysis of the shape of the measured current-voltage I ( V ) curves, whether tunnelling is coherent or sequential [15, .
One of the most important characteristics of double-barrier heterosmctures is their extremely fast electrical response which has been shown in their application as detectors up to 2.5 THz [32] and quantum well oscillators up to 420 GHz [33] . Following these experiments we investigate in this paper both theoretically and experimentally the influence of far infra-red (FIR) radiation on the tunnel current of double barrier resonant tunnelling structures (DBRTSS) . We have been able to extend the detection limit up to 3.3 THz and more importantly we show that in this limit classical rectification cannot explain the obtained FIR response [34,35], as was the case for Sollner et a1 1321.
A theoretical study of the FIR response of a DBRTS using the transfer matrix formalism is given in section 2. Considering tunnelling to be coherent, i.e. the phase of the wavefunction remains conserved on a time scale long with respect to the inverse radiation frequency, it is found that the calculated transmission coefficient exhibits characteristic satellite peaks at energies ktnfiw around the DC transmission peak, due to the absorption and emission of n photons. Obviously this behaviour gives rise to an FIR response which depends on the radiation energy characterizing a quantum response. In the case where the inverse of the radiation frequency is larger than the characteristic tunnelling time the satellite peaks are masked by the main peak in the transmission coefficient. Hence, the FIR response reduces to the classical result in which it is proportional to the second derivative of the I ( V ) cume and independent of the radiation energy, characterizing a classical rectification. The measured FIR response for three different devices, studied in the regime where a quantum detection is expected, is discussed in section 3. A clear deviation from the classical rectification regime can be observed, but the measured FIR response does not show a dependence on the FIR radiation energy as expected. Since we can exclude a trivial temperature effect on the basis of further experimental facts, these results show that in our samples the characteristic tunnelling time is longer that we expect theoretically.
This paper is organized as follows.
Theory
The effect of FIR radiation (periodic modulation in time with frequency 0) superimposed on the DC voltage applied to a DBRTS can be described using a time-dependent extension
[8] of the transfer matrix formalism [6] , in which a time-dependent potential Ul(z, t ) = U I (~) C O S ( O~) is superimposed on the DC potential U&) (with U&) and Ul(z) linear in 2).
To obtain the current density J ( V ) for this device we must calculate the transmission coefficient by solving the time-dependent Schradinger equation:
The tunnelling probability is obtained using the potential described above approximated by a series of steps, in which U&. ) and UI(Z) are taken as constants. As demonstrated by Mendez 1361, this approximation gives a result almost indistinguishable from an exact solution even for a small number of steps. For each region of constant potential, a general solution of equation (1) can be given as where k is given by and &(a) is the integer Bessel function with a = Ul/ho. AE, and Er, are the amplitudes of the electron wavefunction with energy E' = E f. nho. In the presence of a radiation an infinite number of these amplitudes are, in principle, nccessary to describe the transmission and the reflection in the structure. However. the values of A=, and BE, depend on the radiation intensity (U1) and for a fixed U ] they decrease very fast as n increases. Hence, for a small value of U ] , only a finite small number of amplitudes determine the hansmission coefficient reliably. By matching wavefunctions (2) at boundaries, and applying the transfer matrix formalism described in [SI, the transmission coefficient, for a given number of amplitudes, can be calculated. The transmission coeflicient at zero DC bias voltage for a DBRTS with 5 nm thick G A S quantum well and 5 nm thick G@,.IAIO,~AS barriers is shown in figure 1 for hw = 10 meV, 01 = 0.5 and n = 3. In the absence of applied radiation the transmission coefficient is given by the dashed line, and as is well known, a transmission peak is obtained when the energy of the incident electron coincides with the energy of the quasi-bound state inside the quantum well (EO = 70.5 meV). Since the structure is symmetric, the maximum of the hansmission peak is equal to one, and it has a full width at half maximum of r, = 0.5 meV, which is determined by the quantum well width and the barriers' height and thicknesses.
The transmission coefficient obtained in the presence of mR radiation (hw > r,) is given by the solid line, and shows a small decrease of the main peak at E = EO and the appearance of satellite peaks at energies E = EO k ho. The amplitude of these transmission peaks depends on a (a = U~/ h w )
as shown in the inset of figure 1. For a fixed energy (ho = 10 meV), an increase of the radiation intensity 111, i.e. an increase of (Y, produces a rapid decrease of the main EO peak (closed circles) and a slow increase of the satellite peaks (closed squares-peak at energy E = EO -ho, n = 1). Figure 1 demonstrates that the amplitude of the transmission peaks indeed decreases very rapidly with increasing n for a fixed value of 01, and that the calculation may be performed for a limited n , sufficient to ensure that, for the values of a which are in the range of our interest, this has no effect on the results. For a photon energy ho smaller than re. the transmission coefficients obtained in the presence and absence of radiation are identical, i.e. the satellite peaks are masked by the EO txansmission peak.
The only experimentally accessible component of the current in the very-high-frequency case is the DC current density J ( V ) , which we calculate using the transmission coefficient, T ( E , V ) obtained above:
Here k l and kll are the components of the momentum perpendicular and parallel to the layers, E and E' the energies of the incident and transmitted electrons respectively, while f ( E ) is the Fermi-Dirac distribution.
The J ( V ) curve, as a result of having a transmission coefficient which shows satellite peaks due to the radiation, changes in a characteristic manner. The onset and the valley current increase, while the peak current decreases. Without radiation these values are given by V, = EO -EF) (onset) and V, = 2Eo (valley), where EF is the Fermi energy in the emitter. With radiation they become Vi = Z(E0 -fio -Ep) and V i = 2(Eo + ho) shifting the threshold of the onset current to lower bias and the threshold of the valley current to higher bias. Since the number of electrons that participates to the tunnelling is the same in both cases, the peak current must decrease in the presence of radiation to compensate the increase in the onset and valley currents. In figure 2 we plot the changes in the current density due to the radiation, as a function of the DC bias voltage AJF(V) (FIR response). Depending on the radiation energy with respect to the full width at half maximum (r,) of the transmission coefficient, AJp(V) behaves in two different manners. For ho > rc, the FIR response depends clearly on ho (figure 2(a)) (quantum response), while for hw < r, AJp(V) is pmportionaI to the second derivative of the J(V) curve (figure 2@)) (classical rectification). Since rc is direct related to the steepness of the J(V) curve, we can describe these two behaviours with the following condition 1371:
where Jm is the current density without applied radiation, V is the DC bias voltage, and hw is the photon energy. This criterion is valid for small values of a (Ul/hw). If it is satisfied, i.e. if the photon energy is high compared with the non-linearities of the J(V) curve (or h o > rc), a clear dependence of AJF(V) on the radiation energy can be expected ( figure 2(a) ). At low photon energies @o c rC), the condition is no longer satisfied, and the shape of AJF(V) as a function of the bias voltage is independent of ho and proportional to the second derivative of J(V) (figure 2(b). In fact this response is just that of a single strongly non-linear impedance modulated by a small-amplitude time-varying voltage. The non-linearity gives rise to an AC response in the form of the second derivative, which is just classical rectification. In summary we can therefore conclude that when the condition given by (5) is satisfied, the changes in the tunnel current of a DBRTS due to the applied radiation will be due to quantum detection. Furthermore, the shape of AJp(V) will show a dependence on the radiation energy. For low photon energies, for which (5) is not satisfied, the changes in the tunnel current are just those due to classical rectification, i.e. A JF( V) will be proportional to the second derivative of J(V). (5) was originally derived by Tucker [37] to describe the frequency-dependent response of devices which involve tunnelling through a single banier (Schottky diodes, Josephson junction). According to our results his result can be extended to DBRTSS, which involve a double barrier and a non-linearity induced by a Fabry-Perot type interference.
Experiments
We have measured the FIR response of three DBRTSs, devices I, 11, and m, grown by Molecular Beam Epitaxy (MBE) which consist of the following layers: (i) a GaAs substrate heavily doped with Si (electron concentration n = 2 x 10" ~m -~) ;
(ii) a 2 pm thick buffer layer of GaAs doped at n = 2 x l0l8 (iii) 50 nm of doped GaAs (n = 2 x lor6 ~m -~) ; (iv) a 2.5 nm thick spacer layer of undoped GaAs; (v) an undoped 5.6 nm thick G;b.sAlo.4As barrier: (vi) an undoped GaAs quantum well; (vii) an undoped 5.6 nm thick G;b.6Alo.4As barrier; (viii) a 2.5 nm thick spacer layer of undoped GaAs; (ix) 50 nm of doped GaAs (n = 2 x 10l6 ~m -~) ;
and (x) a 0.5 pm top contact layer of GaAs (n = 2 x lo1* Devices I, II, and III are identical apart from the quantum well width (vi) which is equal to 5, 60, and 120 nm respectively. Squares mesas ranging from 200x200 pmZ up to 500x500 pm2 were etched and ohmic contacts made to the substrate and top layer.
The experiments have been performed at liquid He temperature using an HR laser pumped by a pulsed TEA CO2 laser (Lumonics 820). FIR pulses of 100 ns width and power higher than IO W have been used with wavelength ranging from h = 90.9 p m up to h = 496 pm, which corresponds to photon energies ranging from ho = 13.6 meV down to fio = 2.5 meV respectively.
In order to couple the radiation to the confined electrons inside the quantum well it is necessary to have a component of the AC electric field from the radiation perpendicular to the layers (parallel to the current) [38] . To obtain this, we have used the top ohmic contact with a grating coupler geometry 1391 which is shown schematically in the inset of figure 4. The grating consists of periodic metallic (AuGeNi) strips (ship width p and periodicity a) evaporated and allowed to the top nt layer, To act as a coupler the grating must satisfy some conditions. The first condition is that its periodicity a must be much smaller than the wavelength of the radiation, a << A. For a normally incident radiation (z direction), the component of the electric field in the plane of the layers (perpendicular to the strips-x direction) Ex, is short-circuited in the strips. At the same time, the E, component @arallel to the ships) is reflected. Thus, in the near field of the grating (z c a), the FIR field is spatially modulated and a component of the FIR electric field perpendicular to the layers, Er, is obtained (as well as an Ex component). The intensity of Er depends on the ratio p / a and decreases approximately as exp(-Zrrz/a) [40, 41] . Hence, we can summarize the conditions that the grating must satisfy as: a < A, a >> d, and p << a, where d is the distance between the grating and the active region of the sample. For our samples we have chosen a = 50 fim and p = 10 fim. The measured FIR response AI&') for device 1-5 nm quantum well-is shown in figure 3 for four different FIR wavelengths together with its DC current-voltage I ( V ) characteristic. In the present measurements, the negative differential resistance (NDR) region of the 1 (V) curve of this sample is not clearly observed, possibly due to the contact resistance of the sample which leads to the sharp drop in the current at DC bias voltage V N 0.6 V. For all applied FIR radiation energies, A & ( V ) exhibits a similar behaviour. Positive maxima are observed at bias voltages which coincide with the onset of the NDR regions of the Z ( V ) curve. A negative minimum is also observed just after the sharp drop in the Z(V) curve, except for FIR energy hw = 2.5 meV (A = 496 pm) probably due to the small intensity of this line. Devices Jl and El have a qualitatively similar Z ( V ) characteristic and hence a similar behaviour of the FIR response. We show in figures 4 and 5 typical results of device III-120 nm quantum well. Due to the large number of resonant states inside this wide quantum well, its I ( V ) characteristic consist of a series of closely spaced NDR regions (figure 4) [42] .
VOLTAGE [VI
Special attention has been focused on two adjacent NDR regions ( figure 5(a) ). Because of this small energy spacing the valley region of an NDR region coincides with the onset of the next NDR, giving an FIR response ( figure 5(b) ) which shows positive maxima in the valley regions and negative minima which almost coincide with the peaks of the I ( V ) curve.
Applying the criterion given by equation (5) to analyse the FIR response of device I we can see that even for hw = 13.6 meV, it is not satisfied for any voltage, except where the sharp drop of the current occurs in the valley region. However this sharp drop is not due to the DBRTS itself, but it is probably caused by the resistance of the contacts. Since, as we said above, the steepness of the I ( V ) curve is directly related to the full width at half maximum rc of the transmission coefficient, the actual rc of device I should be larger than Rw = 13.6 meV. Comparhg this r, with the one calculated from the parameters of the device (well width and barrier height and thickness) r. = 0.5 meV. we notice a broadening of the transmission coefficient. This broadening can be caused by a series of factors, among them we can have scattering by impurities, layer thickness fluctuations, phonons, etc. Experimentally, this broadening of the transmission coefficient yields an FIR response which is proportional to the second derivative of the I ( V ) characteristic for all the photon energies used. Interestingly enough this experiment shows that classical rectification in DBRTS may be observed at frequencies as high as 3.3 THz.
For devices I1 and IIl the Z(V) characteristic is highly non-linear and equation (5) meV. Therefore, on the basis of section II, a dependence on the radiation energy of the FIR response could be expected. However, the measured AIF(V) ( figure 33) When the device is biased in the plateau, a high frequency oscillating current (\r,ith amplitude AI = I,, -I~,) can be observed. If an FIR pulse is applied, the amplitude of the oscillations is squeezed ( figure 7(b) ), showing that the I ( V ) curve is rectified. We can also see from figure 7(b) that the time resolution of the FIR response is of about 10 ns which is much shorter than the typical lattice heating of GaAs (of the order of ps), hence excluding this effect. Electronic heating can also be excluded since a similar A I F ( V ) is obtained in forward and reverse bias operation, i.e. it is independent of whether the top contact through which the FIR radiation passes first is the emitter or the collector. Finally, we measured the change in the tunnel current due to an increase of the temperature and this curve is quite different from that of the FIR response. In particular, an increase of the temperature will never produce a decrease of the tunnel current as observed in the FIR response.
Conclusions
We have investigated both theoretically and experimentally the influence of FIR radiation on the tunnel current of DBRTSs. Theoreticdly we obtain, in the limit of high photon energies (JID larger than rc, the full width at half maximum of the transmission coefficient), an FIR response that exhibits a clear dependence on the radiation energy. On the other hand, in the limit of much smaller photon energies, the FIR response is proportional to the second derivative of the I ( V ) curve as expected from classical rectification.
V A Chitla etat
We have shown experimentally that, depending on the I ( V ) characteristic of the device studied, the classical rectification regime can, surprisingly, be extended up to frequencies as high as 3.3 THz. At the same time, for a different device with a much higher non-linear I ( V ) characteristic, despite the fact that the measured FIR response does not exhibits a clear dependence on the FIR radiation energy, we have been able to show that a limit of quantum detection has been reached.
